The TATA box-binding factor TFIID plays a primary role in the process of transcription initiation by RNA polymerase II and its regulation by various gene-specific factors. Here we employ a permuted binding site/gel retardation assay with recombinant yeast and human TFIID to show that this factor induces DNA bending around the TATA element. These results are consistent with the presence of G+C-rich sequence elements flanking the consensus TATA element and led to the recently confirmed suggestion that TFMID interacts with the TATA element via the minor groove. They also raise the possibility that TFIED-induced bending might facilitate promoter interactions of other general factors in the preinitiation complex or interactions between general transcription factors and regulatory factors bound at upstream sites.
The general transcription initiation factor TFIID plays a key role in the activation and regulation of eukaryotic promoters. Binding of TFIID to the common TATA element initiates the assembly of a preinitiation complex involving RNA polymerase II and the other general initiation factors (1) (2) (3) . Although any of the general factors are potential targets for the positive or negative action of regulatory factors, some of these factors have been found to interact directly with TFIID (4) (5) (6) (7) (8) or to facilitate TFIID interactions in functional assays (9) (10) (11) (12) (13) . A unique role for TFIID in promoter activation and regulation was further suggested by the presence of novel structural motifs in the DNA-binding domain (14) (15) (16) (17) (18) and by the unusual binding properties of TFIID, requiring high temperature and characterized by slow on and off rates (4, 6, (19) (20) (21) . This raises the possibility of coupled conformational changes in TFIID and the promoter. Prompted by these observations, we further investigated the TFIID-promoter interactions and report experiments showing that TFIID bends the promoter DNA around the TATA box.
MATERIALS AND METHODS
Purification of Bacterially Expressed Yeast and Human TFID. The yeast TFIID gene and the human TFIID cDNA were inserted into the T7 bacterial expression vector (22) after changing the DNA sequences around the translation initiation regions to Nde I sites. Transformed Escherichia coli were grown and induced with isopropyl f3-D-thiogalactopyranoside when the OD595 of the culture reached 0.8. Three hours after induction, the bacteria were collected and washed with buffer containing 20 mM Tris-HCl (pH 7.9 at 4°C) and 200 mM NaCl. The washed E. coli cells then were suspended in a high-salt buffer containing 20 mM Tris-HCI (pH 7.9 at 4°C), 50 mM 2-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluoride, 10% (vol/vol) glycerol, 0.5 M NaCl, and pepstatin/leupeptin (10 (-50 ,000 cpm/ng) were separated from nucleotides by gel filtration on Sephadex G-50.
Gel mobility-shift assays with these fragments employed standard transcription conditions (24) , except that nucleotides were omitted, the promoter concentrations were 10-fold lower, the MgCl2 concentration was reduced to 3 mM (Fig.   5 ) or 5 mM (Fig. 3) , and 50 ng (Fig. 3) MgCl2 (Fig. 5) . The specificity ofthe TFIID-DNA complexes was confirmed by oligonucleotide competition experiments (24) .
RESULTS
The availability of cDNA clones encoding yeast TFIID and the TATA-binding component (TFIIDT) of natural human TFIID (reviewed in ref. 25) DNA fragments with the TATA box at regularly scheduled intervals (summarized in Fig. 2 ). The 32P-labeled DNA probes were incubated with bacterially expressed TFIID under normal TFIID binding conditions and the resulting DNA-protein complexes were analyzed by electrophoresis under nondenaturing conditions. As shown in Fig. 3 , each free DNA fragment showed the same mobility, indicating the absence of any intrinsic bending. In contrast, the DNA-protein complexes formed showed uniformly sharp bands with distinct electrophoretic mobilities. The mobility of the DNA-protein complex decreased uniformly as the position of the binding site was moved from 
DISCUSSION
The present data indicate that TFIID can induce DNA bending at the TATA box of the AdML promoter. They extend previous studies of induced bending of DNA by a number of other site-specific DNA-binding proteins to include a commonly used (general) transcription initiation factor. Questions that arise relate to the mechanisms and specific sequences involved in promoter specificity and the possible functional significance of TEIID-dependent bending. Studies of nucleosomes (40) and CAP-promoter complexes (39) have established that, at points of DNA-protein contact, A+T-rich sequences favor minor-groove compression whereas G+C-rich sequences favor major-groove compression. This plus the structure of the AdML promoter, which contains a consensus TATA element (TATAAAA) flanked by long G+C-rich clusters (Fig. 4 legend) , suggested that TFIID might contact the TATA element primarily through the minor groove, with secondary (stabilizing) contacts in flanking regions enhanced by bending. This hypothesis has since been tested and verified for yeast TFIID (54) . Other proteins, including integration host factor (IHF) (41, 42) and high-mobility-group protein 1 (HMG-1) (43) have been shown to bind to A+T-rich DNA sequences through minor-groove contacts that may be accompanied by DNA bending and corresponding secondary contacts (IHF). Although the promoter specificity (and sequence dependence) of TFIID-induced bending has not been examined, variations associated with flanking sequences could explain the variable footprints and binding affinities observed with promoters containing similar or identical TATA elements (19, 44 indicates that conserved residues in both direct repeats contribute to the DNA binding, it is reasonable to consider that the conserved C-terminal 180-residue domain plays a major role in the bending. The observations that the core is sufficient for TATA box binding (16) and determines some species-specific functions in vivo (45) (46) (47) (48) (49) might contribute to functional differences between yeast and human TFIID on certain promoters. The availability of functional tests for both basal and activator-dependent transcription in response to TFIID will allow these points, and the significance of the bending phenomenon, to be tested.
Although the functional relevance of the observed bending is not yet established, the key role of TFIID in initiating the assembly of the other initiation factors (and RNA polymerase II) into a functional preinitiation complex makes this an interesting possibility. In particular, the bending may serve to stabilize interactions of the other general factors or, as suggested (40) for the bacterial RNA polymerase complex, energy expended in bending might later be converted to torsional stress that facilitates unwinding of the double helix. Alternatively, the altered DNA conformation could facilitate contact between regulatory factors bound at upstream sites and one or more components of the general transcriptional machinery (Fig. 6 ). In the extreme case the sole function of bending might be to bring other factors in contact, as indicated for IHF (50) and potentially for CAP (51) . Although seemingly unlikely in the case of TFIID, this possibility is raised by the recent demonstration (52) of other core promoter elements (initiators) and associated factors (53) that may play a dominant role in facilitating assembly of preinitiation complexes on some promoters. In any case, the possibility of promoter-specific variations in TFIID-induced bending, which could account for the unusually high basal activity of the AdML promoter, allows for another level of control on the diverse group of class II promoters.
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